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The Euclidean path integral quite often involves an action that is not completely real i.e. a 
complex action. This occurs when the Minkowski action contains t-odd CP-violating terms. This 
usually consists of topological terms, such as the Chern-Simons term in odd dimensions, the Wess- 
Zumino term, the 9 term or Chern character in 4-dimensional gauge theories, or other topological 
densities. Analytic continuation to Euclidean time yields an imaginary term in the Euclidean action. 
It also occurs when the action contains fermions, the fermion path integral being in general a sum 
over positive and negative real numbers. Negative numbers correspond to the exponential of in and 
hence indicate the presence of an imaginary term in the action. 

In the presence of imaginary terms in the Euclidean action, the usual method of perturbative 
quantization can fail. Here the action is expanded about its critical points, the quadratic part 
serving to define the Gaussian free theory and the higher order terms defining the perturbative 
interactions. For a complex action, the critical points are generically obtained at complex field 
configurations. Hence the contour of path integration does not pass through the critical points and 
the perturbative paradigm cannot be directly implemented. The contour of path integration has 
to be deformed to pass through the complex critical point using a generalized method of steepest 
descent, in order to do so. Typically, this procedure is not followed. Rather, only the real part of 
the Euclidean action is considered, and its critical points are used to define the perturbation theory, 
a procedure that can lead to incorrect results. 

In this article we present a simple example to illustrate this point. The example consists of TV 
scalar fields in 0+1 dimensions interacting with a (7(1) gauge field in the presence of a Chern-Simons 
term. In this example the path integral can be done exactly, the procedure of deformation of the 
contour of path integration can be done explicitly and the standard method of only taking into 
account the real part of the action can be followed. We show that the standard method does not 
give a correct perturbative expansion. The implications of our work include perturbation theory in 
the standard model which is CP-violating, but also for calculations in the presence of topological 
terms which have given rise to radical changes in the spectrum of the theory. 

PACS numbers: ll.10.-z, 11.15.Bt, 03.70.+k 



I. INTRODUCTION 

The Feynman path integral [l[ is a simple and powerful device for defining quantum field theory. Its original 
definition, however, is mathematically delicate, to put it mildly. The path integral is nominally defined as an integral 
expression 

1 = J V<t>{t) e iS ^ t ^ h , (1) 

where S [0(f)] is the action functional, which is completely real in Minkowski space, and it should give rise to the 
amplitude for a particular quantum mechanical process. The function space over which we should integrate is usually 
infinite, but the integrand is always unimodular, as long as the action is real. Therefore, the Feynman path integral 
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cannot be absolutely convergent: 
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It may be that the integral is convergent if it is performed over the integration domain in a specific order, 
example, consider a simple ordinary integral: 
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However, the limiting procedure treats preferentially the contribution from regions of the integration domain that are 
finite, relative to the contribution from those regions of the integration domain that are infinitely far away. We are 
prescribed to integrate from —a to a first and then take the limit a — > oo, although nothing intrinsic in the original 
integrand tells us to do so. This prescription precludes the possibility of the mathematical notion of integration as a 
measure defined on a given set, that maps functions on that set to the real numbers. 
If for example we choose to integrate first over the regions defined by 



S=<x£ 
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then we find divergent nonsense. The exponential has positive real and imaginary parts for each n. Denoting D\c(Is) 
as the real part of I when the integration is restricted to S, since cosx 2 > 1/ \/2, we get 
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This is easy to see from the estimate 
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obtained from the fact that the Taylor expansion of y/l + l/8n around n = oo, is an alternating (although absolutely) 
convergent series. The second term from Eq. ([6|) is divergent when inserted in the final series of Eq. (|5|). 
Another way of seeing the problem is to change variables u = x 2 in the integral of Eq. ([3|) , which yields 



du — =. 



(7) 



At the origin, there is an integrable singularity that poses no problem; however, for large u the integral is equivalent 
to an alternating series whose terms are not absolutely convergent. If we integrate successively from u = nir/2 to 
u = (n+l)ir/2 with n G Z, the real and imaginary parts of the integral correspond to the sum of a decaying alternating 
series with terms that are not absolutely convergent. Looking at the real part, for example, gives the alternating scries 
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which is not absolutely convergent. It is well known that such a series can be made to sum up to any number that 
one desires, simply by rearranging the order of the summation. 

Thus, the fundamental definition of the path integral as an integral over an infinite function space of an oscillating 
unimodular phase does not make mathematical sense. In the limited examples where such an integral can actually 
be done, it is necessary to treat some parts of function space preferentially to other parts, by summing up their 
contribution first. The function space, however, should only be discriminated by the action. The action should 
govern which part of function space is physically important to a particular quantum amplitude. Hence the Fcynman 
path integral requires a more rigorous and meticulous definition. In fact this is exactly what is done by analytical 
continuation to Euclidean time. For more background and explanation see, for example, the books by Glimm and 
Jaffe or Simon [H and references therein. 

We will consider mostly bosonic theories in this article. Bosonic fields can always be decomposed into their real 
and imaginary parts and re-expressed entirely in terms of real fields. When we treat fcrmionic theories, we will 
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only consider the cases where the fermionic degrees of freedom can be also be re-expressed via bosonization Q or 
through the use of Chern-Simons [f| type actions in terms of bosonic fields. Again through decomposition into real 
and imaginary parts, we will always be able to write the action in terms of purely real bosonic fields. 

To define quantum mechanical amplitudes in Minkowski space, we must use analytic continuation from Euclidean 
time. Paradoxically, we start with the Minkowski action and analytically continue it to Euclidean time. For actions 
made up of real bosonic fields the continuation to Euclidean time yields 

t -* -it, <j>(t) 0(r), 1 -* J V<P(t) (9) 

Usually the Euclidean action Se [</>('?")] is a real and positive definite functional of the Euclidean time field configuration. 
However, for certain cases described in more detail in this paper, the Euclidean action is not completely real and 
contains terms that are explicitly imaginary. Such a situation, however, is not necessarily a fatal impediment to the 
definition of the functional integration. If the real part of the Euclidean action can be used to define a measure on the 
space of field configurations, then the fluctuating part can be viewed as a bounded functional that can be integrated 
against this measure. There are many examples where the path integral in Euclidean space can be rigorously proven 
to exist as an integration with respect to a measure on function space. The corresponding Euclidean time amplitudes 
for relativistic theories satisfy a set of axioms Q that allow for these amplitudes to define properly a sensible quantum 
field theory. We obtain the Minkowsi space amplitudes, or more generally the Minkowski space path integral, via 
analytically continuing the Euclidean space path integral and the corresponding amplitudes back to real time. 

However, in practice, even the Euclidean functional integration is most often evaluated in perturbation theory. The 
Gaussian fluctuations about the critical points of the action are quantized without approximation, and the non-linear 
terms are treated as perturbations. It is this procedure that can fail when the Euclidean action is not real. The 
critical points of a complex action are in general at complex field values. Thus the critical points are not attained 
for any real field configurations, and the quantization about these critical points cannot be addressed in terms of the 
strictly real fields with which we started. 

In such cases, there are two ways to proceed. The first way is to consider only the real part of the action and find 
its critical points, which are obtained at real field configurations. Then the fluctuations about these critical points 
can be quantized, leaving the imaginary part of the action and the non-linear terms to give rise to the perturbation 
theory. The second way is to analytically continue the "contour" of functional integration into the space of complex 
field configurations so that it passes through the complex critical point and to use the contour of path integration 
that corresponds to the "contour of steepest descent". Then the fluctuations of these complex field configurations 
about the complex critical point are quantized, leaving only the non-linear terms to define the perturbation theory. 
Although this idea has already been considered in Q ,and in Q , but it has not been fully implemented in any concrete 
example. 

The main results of the present paper were announced in 0. Here we expand on the theme and show all the details. 
The model we consider, 0+1-dimcnsional "electrodynamics" with N scalar fields and a Chern-Simons term, can be 
solved exactly, and it can also be treated using both of the perturbation schemes outlined above. We find that the 
first procedure (expanding about the critical points of the real part of the action) does not work, while the second 
procedure (expanding about the critical points of the full, complex action) does in fact give the correct perturbative 
expansion. 



II. COMPLEX EUCLIDEAN ACTIONS 



Complex Euclidean actions may arise for many reasons but we will only consider the case where they occur due to 
a i-odd term in the Minkowski action. Such a term, under analytic continuation to Euclidean time, will necessarily 
be imaginary. Then the action will split into two parts, 

S [<f>(t)} = Seven W)\ + S od d [<f>(t)} , (10) 

where S even [<f>(t)] -> Seven [<£(*)] but S dd [0(0] -S dd [<t>{t)} for <j>{t) -> </>(-£). S Q dd [0(0] ma y take tne guise of 

f / dtd 2 xe" vX (A^d v A x + ---) 
Sodd W)\ ~ \ I half 55 dtd 4 x e^ x ^Tr(Wd n U ■ ■ ■ Wd T U) (11) 
[fdtd 3 xe^ x °Tr(F n „F Xa ) 

corresponding to a Chern-Simons term in 2+1 dimensions [f|, a Wess-Zumino-Novikov-Wittcn (WZNW) term in 3+1 
dimensions (l0| . . [l2l] . and the 8 term in 3+1 dimensions respectively give rise to imaginary terms in the Euclidean 
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action. All of these terms contain only one time derivative; the i-odd part of the action has the form 

J dt j d d x---df- (12) 

in d + 1 dimensions. On analytic continuation to Euclidean time, t — > —ir but dt — > i<9 T ; thus, the odd part of the 
action is invariant 

J dt J d d x---d t ► J dr J d d x---d T --- (13) 

so that 

JdtJ d d xL^ k ° Wski m)\ - Jdr J d d xL E jt dean W)\ , (14) 
while the even part of the action satisfies 

dt j d d xL even [cj)(t)} i [dr j d d xL even [0(r)] , (15) 



(t)] is by hypothesis a real, positive functional, which means that an overall minus sign has been 
factored out after the analytic continuation. Then the Euclidean functional integral becomes 

P^(r)e" ( -f lir -f' ! '' li ™» WT)| - 1 ^' i:,;L '"" ll * (T)1)/B . (16) 

This Euclidean functional integral is in principle well defined, in that the real part of the action serves to define a 
measure on the space of field configurations. However the perturbative quantization is not straightforward as the 
critical points of the action arc in general achieved at complex values of the field configurations. Below we flesh 
out the details of two examples where the Euclidean action is complex and critical points arc generally obtained for 
complex values of the fields. 

A. Abelian Maxwell-Chern-Simons-Higgs theory 

In 2+1 dimensions, the abelian Maxwell-Higgs theory, scalar electrodynamics, admits the interesting possibility of 
adding the Chern-Simons [f| term to the Lagrangian. This term is a topological term: it does not actually depend on 
the metric of space-time. It is, however, not a total derivative; hence, it contributes to the equations of motion. The 
interesting feature of this term is that it allows for a mass term for the gauge field in a gauge-invariant manner, and it 
allows for fractional statistics for the charged particles. The scalar field no longer represents bosons, but anyons [HI], 
which have an arbitrary change of phase that is fixed by the coefficient of the Chern-Simons term under the exchange 
of two such particles. For an appropriate value of the coefficient of the Chern-Simons term, the scalar field actually 
describes fermions. Hence, the path integral here is an explicit example in which fermions are considered, and the 
question of the sign problem of the fermion determinant is treated. The Minkowski action is given by using two real 
scalar fields to represent the complex scalar field 

S M ink. = / dtd 2 x^6 t] - eA^tpj (d»5 ik - eA^e lk )ip k - \{ip m - a 2 ) 2 - ^F^F^ + 6e^ x A^A x , (17) 

where = d^A u — d v A^ and and e MI/A are the Levi-Civita symbols for two and three indices respectively. The 
analytic continuation to Euclidean space proceeds with the replacement t — > — ir which generates dt — > id T , and for 
consistency we must also transform A (t) — > iA 3 (r) (note we are in 2+1 dimensions). This yields the transformation 

UMink. -> *(-*)(-) J dtd 2 x Q(<9 M Aj - eA li e ij )ip j (d IJ ,8i k - eA^e ik )ip k + \((fj<Pj - a 2 ) 2 
+ jF^F^ - iQe^xA^dvAx 

= ^Euclidean- (1$) 

Of note is the explicit appearance of the imaginary number i appearing in the Euclidean action, which is otherwise 
completely real and positive. The equations of motion are 

(d^Sij - eA^ij^dpSjk - eA^. ]k )ip k + iX((pjipj - a 2 )ip. L = 0, 
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d^F^-iOe^xdvAx + eeikfpkid^-eA^eijipj), = (19) 

which contain an explicit imaginary term. Ampere's law and Gauss' law for static field configurations give 

d m Fi m - iOeuodiAo + ee ik tp k (di - eAie ik )ip k = 0, 

-didiA - ieeoijdiAj + e 2 A (p j ( Pj = 0, (20) 

which has an obvious solution with imaginary Aq and real A; . The generalization of the vortex solution in this theory 
necessarily requires imaginary Aq. 

B. Non-abelian Goldstone bosons and the Wess-Zumino term 

Another example of complex action is given by the 1+1-dimensional model of non-abelian Goldstone bosons (3], a 
non-linear sigma model with the WZNW term added. Here the field variable is a group-valued unitary matrix, g(x, t) 
and the Minkowski action is 

iMink. = ^ / dtdxTr [ d ^d^g\ + ^- Jdtd 2 xe JKL Tr [g ] djgg^ d K gg^ d L g\ , (21) 

where the first integral is over 1+1-dimensional space-time while the second one is over half a three-sphere whose 
boundary is 1+1-dimcnsional space-time. The indices /i, v, ■ ■ ■ etc. take the values 0, 1 while the indices J, K, ■ ■ ■ take 
the values 0,1,2, and N is an integer. The integrand of the second term is a total derivative; hence, the integrand 
essentially depends only on the 1+1-dimcnsional boundary values of the field. Its variation under compact infinitesimal 
deformations of the field variables is an explicit total derivative, hence its contribution to the equations of motion 
is a 1+1-dimensional local term. However the actual value of the integral for fixed boundary values is ambiguous. 
It depends on how we extend the boundary configuration into the half-three-sphere and can change by an integer 
times a fixed value. Hence the quantum mechanical path-integral only makes sense if the coefficient of the term is 
appropriately quantized so that the change in the action is: 

IMink. — * IMink. + 2wk, (22) 

where k is an integer, so that e llMink - is invariant. Choosing the normalization as we have in Eq. (|21[) ensures this 
transformation property. It is evident then, that the coefficient of the WZNW term in Euclidean space must be 
imaginary if the Euclidean path integral is to make any sense. Indeed, since it is t-odd, it remains imaginary on 
analytic continuation to Euclidean space, 

If N f 

IeucI. = / drdxTr [d^d^g] - i— / drd 2 xe JKL Tr [g f djggW K ggW L g] , (23) 

where now, /i, v, ■ ■ ■ etc. take the values 1, 2 while the indices J, K, ■ ■ ■ take the values 1, 2, 3. The Minkowski equations 
of motion for N = 1 are 

|^ [g%g] + ^e"" [g%gg^g] = 0, (24) 
which can be written in the compact form 

{W + e'"d v )[g%g]=0, (25) 

or, more explicitly, 

(do + di) [g^do - di.)g] = d+ [g^d-g] = 0. (26) 

The general solution is g = A(x+)B(x-) for two arbitrary unitary matrix valued functions A(x+) and B(x-) where 
x± = x° ± x 1 . The Euclidean equations, however, become: 

{d„ - ieM [g^d^g] = (27) 

which simplify to 

(ft - id 2 ) [g\8 1 + id 2 )g\ = d z [g%g] = (28) 
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where z = x 1 + ix 2 and d z = d\ — idi- The putative solution, g = A(z)B(z) where A(z) is a unitary matrix valued 
holomorphic function and B(z) is a unitary matrix valued anti-holomorphic function, simply does not work since no 
such functions exist, except for trivial constant functions. Non-trivial solutions exist if we allow for extension into 
complex valued field configurations. In this case, we must allow A(z) to be an arbitrary holomorphic function with 
values in GL(n, C), the general linear group of some fixed dimension n over the field of complex numbers, while B(z) 
is correspondingly an arbitrary anti-holomorphic function. This equivalently expresses the fact that Eq. |27|) has no 
solution for g^d^g in the (anti-hermitian) Lie algebra of the the unitary group u(n), one term is hermitian but the 
other term is anti-hermitian in this equation. The equation docs admit solutions in its complexified extension to 
the Lie algebra of the general linear group, The necessity to complexify the space of field configurations was 

observed by Di Vecchia et al [l5[ but the functional integral was not addressed. 

In the next section we treat a simple model where we can perform the functional integral both exactly and in 
Gaussian approximation about the complex critical points and we can see how it is necessary to analytically continue 
the contour of functional integration to complex field configurations in order to evaluate the integral perturbatively. 



III. 0+1-DIMENSIONAL ABELIAN HIGGS MODEL WITH CHERN-SIMONS TERM 

In this section we treat a model which encompasses all the aspects of the problem of Euclidean complex actions, 
with the important simplicity that the model can be exactly solved, as well as solved using various perturbation 
schemes. This allows us to test directly whether it is correct to define perturbation theory by expanding only about 
the critical points of the real part of the Euclidean action or do we have to expand about the critical points of the 
full complex Euclidean action, thereby encountering, in general, complex critical points. We emphatically find that 
it is incorrect to define the perturbation theory by expanding about the critical points of only the real part of the 
Euclidean action. This result could, in principle, have important consequences for perturbative calculations of the 
phenomenology in CP-violating theories, such as the standard model. 

In 0+1 dimensions, quantum field theory is actually equivalent to quantum mechanics. We will nevertheless treat 
this model as a quantum field theory and continue the time t to Euclidean time t — ► —it. We consider N massive, 
charged scalar fields <pi which interact with an abelian gauge field A, both of which arc functions of the Euclidean 
time t. The gauge field kinetic term is absent, as we cannot define F^ v in + 1 dimensions. However we can add a 
Chcrn-Simons term, which is simply proportional to the gauge field A. The Euclidean action density is given by 

N 

C = J2(\(dr+ iA)<t>i\ 2 + m 2 |0 4 | 2 ) + iXA. (29) 

i=l 

where A is just a parameter. We take compact Euclidean time, 

t : — > j3 (30) 

which corresponds to finite temperature (3 = j^f- We take the analog of Lorentz gauge, 

d T A = => A = constant. (31) 

Then topologically nontrivial gauge transformations U = e l27mr /' 9 , where n is an integer have the effect of shifting 
A — ► A — 2Tm/p. This means that we can restrict A £ — * 2-k / [3. The Chern-Simons term, however, is not invariant: 

iX drA^iX dr(A — d T A) — iX dr(A - 2im/(3) = iX{f3A - 27m). (32) 
Jo Jo Jo 

The exponential of the Chern-Simons term however, can be made invariant if the coefficient A is quantized to be an 
integer, A = N. We choose the same integer as the number of scalar fields; it is clear, however, that we could have 
chosen a different integer for the Chern-Simons term. We will be considering the limit N — *■ 00 as it is in that limit 
that we can do the steepest descent (Gaussian) approximations that define perturbation theory. If the integers chosen 
are different, then they both must simultaneously become large. For the sake of clarity, we will not consider this 
detail here. 

The critical points of the action are attained at solutions of the equations of motion: 

rP N 

- D 2 .^ + m 2 ^ =0 d T Yl (KBr'kfc ~ 4>idr<t>i) + - iN/3 = 0. (33) 
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The second equation can easily be solved and exhibits the complex critical point; the solution A* is given by 

iNf3- J Q dTiY,f =1 (d T Mi-^id T 4>i) i-y + a 
2 Jo *-£ i=1 <fc& 

for some real values of 7, a and 5. (Note that the term iXiti^Wi — 4>id T 4>i) is real.) The scalar field equations 
actually have no solution on the space of periodic functions for a gauge field of nontrivial holonomy, A ^ 2nn//3. This 
fact is not a problem, as we can simply perform the scalar field functional integrals exactly for any value of the gauge 
field, and hence eliminate them. Each of the scalar fields can be expressed in terms of Fourier modes, 



J2 tp n e i2nnT/(3 , (35) 



giving 



/ dr\D r <$ =f3 VnM(2™/p)+A) 2 . (36) 

J® n=-oc 

This yields each scalar field functional integral as 

/oo 
nrf{^^} e ^^->" |2(( ^ +A)2+m2) . (37) 

Integrating over the Gaussian fluctuations of each Fourier mode gives the infinite product 

00 

n— — oo ' v v p ' 7 

The product evidently vanishes, but when normalized with respect to A — we obtain 

Zi((3,m,A) _ ~ (T) 2 + ^ 2 m] 
^(Am,0) JL oQ ^ + A) 2 + m 2 I > 

which is a finite, well-defined product. It is well known how to evaluate the product; adapting methods found in (l6j 
and [l7| gives us, for N scalar fields, 



Z(f3,m,A) f cosh/3m— 1 



m, 0) \ cosh /3m — cos (3 A 
Thus the "functional" integral that we are left with is 



(40) 



This integral can be performed exactly, but also in the limit N — > oo in a saddle point approximation. The critical 
points of the action are achieved at complex values of the integration variable A. Therefore we can compare the exact 
functional integral with a saddle point approximation using the full action and with a saddle point approximation 
using only the real part of the action to find the critical points. We will find that using only the real part of the action 
gives erroneous results. 



A. Exact result 



To perform the integral exactly, we use the complex variable z = e l ^ A . Then dA = dz/iflz and the integral becomes 
a contour integral over the unit circle in the complex z plane: 
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The poles of the integrand simplify nicely; they are 

4 = cosh /3m ± v'(cosh^TO) 2 - 1 = e ±<3m . (43) 

z* + is outside the unit circle while z*_ is inside; thus, only the latter contributes. The residue is calculated by the 
formula 



_ 27r(cosh /3m - 1)^2* ( N - 1\ ( rfz™- 1 } ( d N ~ 1 ~ k 1 \ 

( ^' m >~ 0(-l) N (N-l)\ ^ V k )\ dzk ) \dz N - 1 - k {z - e0 m ) N J 



k=0 

This expression can be worked out further to give the exact result 



(44) 



2^(cosh / 3m-l)^ ^ 1 /jV-l\ / (2JV-1)! W N 2 "" 1 "* 

In the limit (3m, N — > oo, we keep only the term fc = iV — 1; using the slightly extended Stirling approximation for 
the factorial N\ w J^N N e~ N (l + o (-£)), gives 

I(JV, /3, m) » W - . (46) 



B. Complex saddle point: critical point of the full action 



This result is reproduced perfectly by calculating the integral via the approximation of steepest descent. Here the 
original integral from Eq. (|41|) . is written as 

,2ir//3 ,27r//3 

T(N,P,m) = (cosh/?m - l) w / dA e ~N Mco S * pm-cos? A) & iN0 a = ( cosh/3m _ !)iv / dA & Nf(A) ( 4?) 

Jo Jo 

where 

/(A) = - ln(cosh (3m - cos f3A) + i/3A. (48) 
The critical points arc determined by imposing 



df(A) 



OA 

i.e. 

which yields the complex critical points 



= f\A*)= ^W— +ifl = (49) 
cosh (3m - cos (3 A* y ' 



e -il3A* = cosh p m ^ 



(3 A* = i ln(cosh (3m) + 2nk (51) 



where k E Z. The original contour along the real axis from the origin, A = to A = 2ir/{3 is then to be de- 
formed to the contour that first rises vertically from the origin A = along the imaginary axis to the critical 
point A* = i ln(cosh /3m)//3, then turning by 90° to follow the horizontal contour at 3mA = ln(cosh (3m) / (3 to 
A* = irn(cosh /3m) /(3 + 2ir/{3, and then turning again by 90° to descend along the line VitA = 2ir/{3 until A = 2n/(3. 
The two vertical parts of the contour cancel each other while the horizontal part of the contour exactly leaves the 
critical point at A* = i ln(cosh/3m)//3 (arrives at A* = i \n(cosh (3m) / (3 + 2ir/(3) along the path of steepest descent 
(ascent). The contribution from each of these critical points is over half the Gaussian peak but the two contributions 
simply combine to give the equivalent of integrating across just one of the critical points along the path of steepest 
descent. The actual full contour of steepest descent continues into the complex plane in a rather complicated trajec- 
tory, however, in the saddle point approximation it is only the neighbourhood of the critical point that is relevant, 
where it leaves each critical point horizontally. The method of steepest descent then gives the answer: 



l(N,(3,m) = (cosh/3m- l)»e N W> /_J^_. (52 ) 
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Hence wc will require the value at the critical point of the function, 

e Nf(A*) = e 



(cosh (3m - cos f3A*) N 
1 

(-ism{(3A*) N cosh N {f3m) 
2 cosh (3m \ N 1 



sinh (3m J cosh (3m 
2 n 



sinh 2Ar (3m ' 



where we have used Eqs. (|49M51[) , and the second derivative at the critical point 



Using Eqs. (|49H5ip again gives 



2(3 2 coth 2 (3m. (55) 



Putting these together gives 



2tt 



(53) 



f"(A*) = -(3 1 ( C0S(3A * sin2 ^* ) . (54) 

\ cosh (3m — cos (3 A* (cosh (3m — cos (3 A* ) 2 ' 



This expression should be compared with the large N limit of Eq. (|4"S"|) , however the limit (3m — > co can be taken, as 
the Gaussian approximation controlled by Eq. (|55[) converges to zero. This gives 



5 iV 



e' 



2 y (3(ef 3m /2) 2N \ N 



/3 V 

exactly the result obtained in Eq. (|46|) . 



(57) 



C. Real saddle point: critical point of only the real part of the action 

Finally, we can also consider only the real part of the action to determine the critical point, and perform the 
integral in a steepest descent approximation about this abridged critical point. The imaginary part of the action 
gives a bounded fluctuating contribution, which should be integrable against the measure on the space of functions, 
provided by the real part of the action. The real part of the action is just 

f(A) = - ln(cosh (3m - cos (3 A). (58) 

This action is critical at 

t'(A*\ (3 sin (3 A* 

f{A) =- cosh(3m-cosPA* = ° (59) 

which implies that A* = 0, 7r//3, 2tt/(3, ■ ■■ . The zero at it/ (3 is a local maximum and thus does not contribute, while 
the zero at A* = and at A* = 2ir/ (3 combine, due to periodicity, to give the full integral over the Gaussian peak. 
Then using 

f"(A*=0)= ~f (60) 
cosh [3m — 1 
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we get 

X(N,f3,m) = (cosh (3m 
= (cosh (3m 

This expression defines the perturbation theory about the critical point of just the real part of the action; the 
• • • indicates higher order terms that are treated perturbatively. Now evaluation the integral in the saddle point 
approximation yields 

I(N,0,m) « f dAe~^ 

J —OO 

e -f (cosh/3m-l) /27r(cosh/3TO- 1) 
P V N 

lim - 6-^-/4^/2 1^ 

It is obvious that this result, Eq. (|62|) . is nothing like the result that we obtained by doing the proper steepest 
descent calculation, Eq. (|46p . To make the contrast more apparent, we note that in the limit (3m — > oo, the Gaussian 

approximation controlled by Eq. (foT)|) becomes unsuppressed, i.e. lim^m^oo ^ cos ^p m _ 1 - ) — * while that controlled by 

Eq. (T55|) . about the critical point of the full action becomes more and more suppressed, i.e. lim l a m _ ! . 00 2(3 2 coth 2 (3m — > 
oo. Hence, we conclude, using only the real part of the action to define the perturbation theory, is the wrong procedure 
to follow. 



IV. CONCLUSIONS 

In conclusion, we have shown, via a specific simple example, that the perturbative path integral quantization of field 
theories with complex critical points requires that we analytically continue into the complex extension of the space 
of field configurations so that the path of functional integration passes through the complex critical point according 
to the direction of steepest descent. Disregarding the complex part of the action to use only the 'abridged' critical 
points, that is, the critical points of only the real part of the action, leads to erroneous results in the perturbation 
theory. 

V. ACKNOWLEDGEMENTS 

We thank Gerald Dunne for useful discussions and the Benasque Center for Science, Benasque, Spain for very 
pleasant working conditions, where some of this work was done. We also thank the Inter-University Center for 
Astronomy and Astrophysics, Pune, India and the Institute of Physics, Bhubaneswar, India for hospitality, where 
some of this work was written up. We thank NSERC of Canada and the Center for Quantum Spacetime of Sogang 
University with grant number Rl 1-2005-021 for financial support. 



[1] R. P. Feynman, Space-time approach to nonrelativistic quantum mechanics. Rev.Mod.Phys. 20:367-387,1948. 
[2] J. Glimm and A. Jaffe, Quantum Physics: A functional integral point of view. Springer Verlag, New York, 1981. 
[3] B. Simon, The P(<f>) two dimensions Euclidean (quantum) field theory. Princeton Univ.Pr./princeton 1974, 392 P.(Princeton 
Series In Physics) 

[4] S. Coleman, The quantum sine-Gordon equation as the massive Thirring model. Phys. Rev., Dll:2088,1975. 

[5] S. Deser, R. Jackiw and S. Templeton, Topologically massive gauge theories. Ann. Phys., 140:372-411,1982, Erratum- 

ibid., 185:406, 1988, ibid., 281:409-449,2000, 1980. 
[6] R. F. Streater and A. S. Wightman PCT, Spin and staticstics and all that. Redwood City, USA: Addison- Wesley (1989) 

207 p. (Advanced book classics) 
[7] B. Tekin, K. Saririan, Y. Hosotani, Complex monopoles in the Georgi-Glashow-Chern-Simons model. Nucl. Phys., 

B539:720- 738,1999. 



2ir/f3 



— 1) N I c £j^ e -Nln{coshpm-casf3A) e iNj3A 



- 1 



2*7/3 



dAe 



-N 



(hi(cosh p m -l)+ ^oilpL-i) ) JN0A 



(61) 



11 



[8] K.M. Lee, Charge violation by instantons in Chern-Simons theories. Nucl. Phys. B373: 735-748, (1992). 
[9] G. Alexanian, R. MacKenzie, M. B. Paranjape, J. Ruel, Problems with complex actions. Can J Phys, 85:699-705, 2007, in 
Proceedings of Theory CANADA 2, Perimeter Institute, June 2006. 
[10] J. Wess, B. Zumino, Consequences of anomalous Ward identities. Phys. Lett., B37:95,1971. 

[11] S.P. Novikov, The Hamiltonian formalism and a many valued analog of Morse theory. Usp.Mat.Nauk, 37N5:3-49,1982. 
[12] E. Witten, Baryons In The 1/N Expansion. Nucl. Phys., B160:57,1979. 

[13] J. M. Leinaas and J. Myrheim, Nuovo G'imento B 38, 1,1977; F. Wilczek, Magnetic Flux, Angular Momentum, and 

Statistics. Phys. Rev. Lett, 48, 1144,1982. 
[14] E. Witten, Non-abelian bosonization in two dimensions. Commun. Math. Phys. 92, 455, 1984. 

[15] P. Di Vecchia, B. Durhuus and J. L. Petersen, The Wess-Zumino action in two dimensions and non-abelian bosonization. 
Phys. Lett, B144:245-249,1984. 

[16] R. Jackiw, Topological Investigations Of Quantized Gauge Theories. Relativity, groups and topology II : proceedings, North- 
Holland, 1983:221. 

[17] G. V. Dunne, K-M. Lee, C-H. Lu, On the finite temperature Chern-Simons coefficient. Phys. Rev. Lett, 78:3434-3437,1997. 



